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ABSTRACT 
Time-series observations were conducted in the Dowleiswaram dam reservoir that was constructed on the largest mon- 
soonal river in India to understand the source of inorganic carbon, and fluxes to the atmosphere. The reservoir stores 
water during dry period of six months and water increases during the period when Indian subcontinent receives signifi- 
cant rainfall. Significant modification of organic matter was noticed during storage period indicated by decrease in pH 
from 7.5 to 6.4 and oxygen saturation from ~95% to 65%. The relationship of dissolved inorganic carbon (DIC) with 
oxygen saturation, dissolved organic carbon (DOC) and isotopic ratios of DIC suggests that heterotrophic activities are 
the major source of inorganic carbon to the reservoir. In addition to this, ground water exchange also contributes sig- 
nificantly to the inorganic carbon pool in the reservoir. Nutrients released due to decomposition of organic matter in the 
reservoir supports both autotrophic and heterotrophic activities. The pCO2 levels in the reservoir varied between 3944 
and 16,042 µatm and higher pCO2 levels were noticed during peak discharge period. The annual mean CO2 fluxes from 
the reservoir amounted to 112 ± 126 mmolC m−2·d−1 and ~6 times higher fluxes were noticed during discharge period 
compared to dry period and such high fluxes during discharge period were contributed by both high pCO2 levels and 
winds. It was further noticed that dam reservoir is a strong source of pCO2 to the estuary wherein <1000 µatm of pCO2 
during dry period and >15,000 µatm during discharge period were observed. Our study also indicates that Dow- 
leiswaram dam reservoir is a strong source of CO2 to atmosphere, even though it is much smaller than Brazilian (tropical) 
reservoir but higher than European reservoirs. 
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1. Introduction 
The global emissions of the CO2 to the atmosphere from 
the inland waters are similar in magnitude to the uptake 
by the ocean; on the other hand, the organic carbon burial 
in the sediments of inland waters far exceeds the same on 
the ocean floor [1,2]. Reservoirs are known to be strong 
source of greenhouse gases to the atmosphere [3-6]. The 
fluxes of greenhouse gases in the reservoirs in the north- 
ern hemisphere were usually 3 - 10 times higher than 
those in natural lakes at their maximum [2]. Normally a 
majority of the freshwater ecosystems are supersaturated 
in CO2, and hence act as a strong source of CO2 to the 
atmosphere [7]. Particularly these emissions are more in 
the tropical regions due to flooding of carbon from the 
forest and high temperatures lead to high fluxes of green- 
house gases to the atmosphere [8]. Several processes are 
responsible for CO2 emissions from the reservoirs such 
as bacterial respiration, photo-oxidation [9], surface and 
ground water inflow of aqueous CO2 [10] and CO2 pro- 
duction in sediments [11,12]. Nevertheless, the excess 
CO2 is often attributed to the heterotrophic respiration of 
allochthonous organic matter [13,14]. However, the rela- 
tion between aquatic metabolism and CO2 emission need 
to be explicitly tested as there are several processes re- 
sponsible for this relationship. 
The reservoirs receive significant amount of organic 
and inorganic material from the upstream river [15-17] 
and it is modified over a period during storage. Such 
process is rather controlled by several physico-chemical 
parameters such as water column temperature, nutrients *Corresponding author. 
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load, microbial abundance, quality of organic matter etc. 
The water quality of the reservoir with reference to or- 
ganic load is generally depending on the usage of water 
and settlements around the river basin [18,19]. Numerous 
studies on water quality assessment and tropic state index 
were conducted in different reservoir systems [20-24]. 
Eutrophication in these reservoirs is mostly due to over- 
loading of nutrients from external sources derived from 
insufficiently treated sewage effluents and agricultural 
runoff [25-27]. Several factors such as size of the catch- 
ment basin, anthropogenic land use, morphometric fea- 
tures, age of reservoir, water residence time and trophic 
state make the reservoirs different from one other. 
Several studies [28-31] had been carried out on some 
reservoirs in India and all studies were mainly concen- 
trated on identifying nutrient sources to the reservoir 
causing eutrophication. No studies have been carried out 
so far on emissions of trace gases such as CO2, from the 
reservoirs in India. India houses more than 376 reservoirs 
(http://en.wikipedia.org/wiki/List_of_dams_and_reservoirs_ 
in_India) which were constructed on major rivers mainly 
to meet agricultural, electric power, industrial and do-
mestic needs. High nutrient concentrated in the Godavari 
estuary during peak discharge period and was attributed 
that dam reservoir is a significant source of nutrients to 
estuary [32]. They [32] noticed high ammonium (36.1 ± 
22 µM) concentrations in the estuary during peak dis-
charge period which was much higher compared to the 
dry period (5.3 ± 1 µM). The fertilizers use along the east 
coast of India is high (49.3 kg·hectare−1) that amounts 
almost double to the country’s average (Department of 
Agriculture, http://www.indiastat.com/agriculture/2/stats. 
aspx). Availability of nutrients promotes photosynthesis, 
although subject to the availability of light, enhancing the 
organic material loading into water. The observed high 
bacterial respiration in the Godavari (20.6 ± 7.2 µmol 
C·l−1·d−1) during discharge period [33] was supported by 
the allochthonous organic matter [34]. They [33] further 
noticed record levels of pCO2 (30,000 µatm) during peak 
discharge period from the Godavari estuary, which was 
influenced by discharge from the Dowleiswaram dam 
reservoir [33]. Such high emissions were related to mo- 
dification of organic matter in the dam reservoir and re- 
suspension of sediments (mainly porewater). More re- 
cently CO2 emissions from the Indian estuaries [35] were 
also an order of magnitude higher during peak discharge 
period, when they receive water from dam reservoir, than 
dry period and attributed that dams modify carbon sys- 
tem during its storage in the reservoir. The enriched nu- 
trients and warmer water temperatures (mostly 30˚C), 
being situated in tropical belt, during dry period supports 
microbial modification of organic matter in the reservoir. 
The objective of this study is to examine the variations in 
inorganic carbon system in the Dowleiswaram dam res- 
ervoir, which was constructed on the largest monsoonal 
river in India, Godavari river, and processes responsible 
for oversaturation of CO2 using 24 months time-series 
observations. 
2. Study Area 
Godavari is one of the largest monsoonal rivers in India 
with a basin of 3.1 × 105 km2 with 25 tributaries and an 
annual discharge to the estuary was recently estimated to 
be 70 km3 [36]. The river originates at about 1600 m 
above the mean sea level near Nasik in the Western 
Ghats and traverses about 1480 km before draining into 
the Bay of Bengal (Figure 1, Table 1). Godavari river is 
dammed at several locations along its course for irriga- 
tion and domestic consumption of freshwater. A big dam 
built just after source of the river at Trimbakeshwar is in 
the town of Gangapur, which provides drinking water to 
the residents of Nasik and to thermal power station situ- 
ated downstream at Eklahare. The Jayakwadi dam near 
Paithan is the largest eastern dam, which was built to ad- 
dress the problem of drought in Marathwada region of 
Maharashtra state. A multipurpose project on the Goda- 
vari viz., Nizam Sagar reservoir and Sriram Sagar reser- 
voirs serves the purpose of irrigation and power in four 
districts of Northern Telengana regions of Andhra Pra- 
 
 
Figure 1. Map showing the study area and locations of 
monthly time-series observations at Dowleiswaram dam 
Reservoir station (*) and Goutami Godavari stations (up- 
stream & downstream of Estuary) where samples collected 
during dry & wet seasons (1 - 10). Inset shows source point 
(A) and dams (B-F) over Godavari River along Indian sub 
continent. 
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Table 1. Characteristics of the Dowleiswaram dam reser- 
voir. 
Characteristics Reservoir 
Country India 
State Andhra Pradesh 
Latitude 16˚15'N 
Longitude 82˚15'E 
Average air temperature (˚C) 30 
Annual precipitation (mm) 1512 
Date of impoundment 1987 
Watershed Nasik 
Watershed area (km2) 3.1 × 105 
Water discharge (m3·s−1) 70 
Reservoir surface (km2) 70 
Volume (km3) 350 
Residence time (month) 5 - 6 
Mean depth (m) 3 - 5 
 
desh. Dowaleiswaram barrage is an irrigation structure, 
built on last stretch of Godavari river before it empties 
into Bay of Bengal. This dam originally constructed in 
1850 and rebuilt in 1987 at a distance of eight kilometers 
from the downstream of Rajahmundry. After the dam, 
the river is divided into two streams (Figure 1), viz., the 
Gautami and Vasista, forms the dividing line between 
West and East Godavari districts of Andhra Pradesh. 
This dam is approximately 60 km upstream from the 
mouth of the river. The sampling station is fixed at the 
barrage (Figure 1) and the water samples were collected 
on monthly intervals from January 2010 to December 
2011 for a period of two years. In addition to this, sam- 
ples were also collected in the Gautami Godavari estuary 
(Figure 1), which is the major estuary with >70% of 
flow, at 10 stations after dam and up to mouth of the es- 
tuary during peak discharge (August) and dry period 
(April) to examine the impact of discharge on the estu- 
ary.  
3. Material and Methods 
Temperature, Salinity and Depth were measured using a 
portable Conductivity-Temperature-Depth profiler (CTD; 
SBE-19 plus, Sea-Bird Electronics, USA). Surface and 
bottom water samples were collected using a 5 L Niskin 
bottle for Dissolved Oxygen (DO), pH, DIC, Chloro- 
phyll-a (Chl a) and Nutrients. DO was measured by 
Winkler titration method [37] using automated potenti- 
ometric detection (835 Titranado, Metrohm, Switzerland). 
Nutrients analyses were carried on filtered water samples 
following the standard spectrophotometric procedures 
[38]. The precisions of nitrate+nitrite (NO3 + NO2), am- 
monium, phosphate and silicate were ±0.2, ±0.2, ±0.1 and 
±0.2 µM, respectively. About 150 to 500 ml of the water 
sample was filtered through glass fiber filter (GF/F; 0.7 
µm; Whatman) and Chl-a retained on the filter was ex- 
tracted with N,N-dimethyl formamide at 4˚C in  dark for 
24 h and fluorescence was measured using spectro- 
fluorometer (Varian Instruments, UK) as per the proce- 
dure [39]. The analytical precision for Chl-a analysis was 
±4%. The pH was measured by potentiometric (835 Ti- 
tranado, Metrohm, Switzerland) standard operating Pro-
cedures (SOP) [40]. Dissolved inorganic carbon (DIC) 
was measured using Coulometer (UIC Inc., USA) using 
automated subsampling system developed in house. The 
precision for pH, and DIC were ±0.002, and 1.8 µmol·l−1 
respectively. The accuracy of the DIC measurement was 
tested using Certified Reference Material supplied by Dr. 
A. G. Dickson, Scripps Institute of Oceanography, USA 
and internal standards and found to be within 1.5%. The 
pCO2 was computed using measured salinity, temperature, 
nutrients (phosphate and silicate), pH and DIC utilising 
dissociation constants given by [41]. Dissolved organic 
carbon (DOC) was analysed by total organic carbon ana- 
lyser (TOC; Shimadzu, Japan) following high temperature 
catalytic oxidation method. The water samples were in- 
cubated in the dark bottle, which was wrapped with black 
tape and aluminium foil and changes in DO over 24-hour 
was measured following the same given above. Changes 
in DO in the dark bottles, from that of initial, were used to 
quantify community respiration. All these analyses were 
completed within 12 h of sampling at the shore-based 
laboratory established on the bank of the river. δ13CDIC 
was measured using Mass Spectrometer (Delta V Plus, 
Thermo Scientific, Germany) attached to Gas Bench 
(Finnigan, Gas Bench II, Thermo Scientific, Germany) 
using acidification technique with the precision of 0.2‰. 
Discharge data were obtained from the Dam authorities at 
Dowaleiswaram. 
4. Results and Discussion 
4.1. Variations in Discharge, Nutrients, Dissolved 
Oxygen and Phytoplankton Biomass in the 
Dam Reservoir 
The dam reservoir receives freshwater from the upstream 
river only during monsoon period when Indian subconti- 
nent receives significant rain fall. The rain fall during the 
study period varied between 6 and 504 mm with maxi- 
mum during July-August (Figure 2(a)). The mean an- 
nual rainfall was less than half during 2011 (78.8 mm) 
compared to that of 2010 (182.5 mm). The monthly mean 
discharge ranged from 0 to 5839 m3·s−1 with maximum 
during August (Figure 2(b)). The annual mean freshwa- 
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Figure 2. Time-series variations at reservoir in (a) rainfall 
(mm); (b) river discharge (m3/s); (c) ammonium (µM); (d) 
nitrate (µM); (e) phosphate (µM); and (f) silicate (µM). 
 
ter discharge from the reservoir was 1921 and 836 m3·s−1 
respectively during 2010 and 2011 and it was consistent 
with the rainfall. The freshwater discharge into the estu- 
ary occurs from June to December with high during June 
to September (peak discharge period) and moderate from 
October to December (moderate discharge period). The 
discharge is controlled by dam authorities through lifting 
the dam gates when the discharge to the reservoir ex- 
ceeds its capacity. From January to May, no discharge 
occurs (called dry period) from the dam reservoir and the 
water is stored until the monsoon. However, this ideal 
state gets altered depending on the variability of south- 
west monsoon rainfall.  
Nutrient concentrations showed significant intra-an- 
nual variations with higher concentrations during dis- 
charge than dry period. For instance, ammonium concen- 
trations ranged between 0.4 and 12.6 µM with mean 
ammonium concentration were consistently high (4.31 ± 
4.22 µM) in both years during peak discharge compared 
to dry and moderate discharge periods. Nitrate and Phos- 
phate varied between 1.8 to 45.9 µM and 0.5 to 27.4 µM 
with highest values noticed in peak discharge period 
(21.01 ± 18.21 of nitrate and phosphate of 12.6 ± 12.8 
µM) than dry and moderate discharge period respectively 
(Figures 2(c)-(e)). High nutrient concentrations (both 
nitrate and phosphate) were due to both in situ decompo- 
sition of organic matter and impact of agricultural runoff 
into the reservoir. Application of fertilizers such as urea, 
di-ammonium phosphate and potash is quite high ~24 - 
34 kg hectare−1 along the Indian rivers (Indian agricul- 
tural department). Excess fertilizers finally washed into 
different water bodies including the reservoirs, as re- 
ported in Oyun Reservoir, Nigeria [21]. Thus high con- 
centrations of nutrients enhance the organic load that 
promotes both bacterial and primary producers. Rela- 
tively high phosphate concentrations appeared in moder- 
ate discharge and dry period (Figure 2(e)) in the study 
region may be impact of anthropogenic inputs through 
leaching and run-off of nitro-phosphate fertilizers from 
nearby farmlands around the reservoir [33]. The impact 
of washing of cow dungs and washing with phosphate bas- 
ed detergents and soaps into the reservoir are also sig- 
nificant sources to the reservoir [21].  
High silicate concentrations during observational pe- 
riod (Figure 2(f)) may be due to weathering/leaching of 
diverse siliclastic and carbaceous matrices [42] and wa- 
shing of alumnio-silicate minerals present in the rocky 
substrate basement complex aided by dilution from the 
rains [21]. However, silicate concentrations varied from 
16.8 to 314.7 µM with the highest value of 243.3 ± 62.87 
µM during moderate discharge period. These enhanced 
nutrient concentrations and shallowness may lead to eu- 
trophication in the reservoir system coincided with the 
earlier reports [43,44]. The phytoplankton biomass (rep- 
resented as Chl-a) varied from 1.3 to 38 mg·m−3 and rela- 
tively higher biomass was found during moderate dis- 
charge period (Figure 3(a)). Highest primary production 
rates during the moderate discharge period in Godavari 
estuarine system were observed [34] as well and were 
attributed to low suspended load and high stratification. 
Earlier reports [36,45] also revealed that stability and 
clarity of water column are two most important factors 
for the development and intensification of phytoplankton 
blooms in the estuary. 
The reservoir was mostly undersaturated during entire 
study period and varied between 70% and 104% (Figure 
3(b), Table 2). The DO levels decreased from 94.8% 
(January) to 70% (May) during storage period suggesting 
dominant heterotrophic activity. The DOC also decreased 
from 473 to 312 µM (Figure 3(c)) during storage period 
further confirming that significant heterotrophic respira- 
tion during storage period resulting in decrease in DOC 
and DO levels in the reservoir. High heterotrophic (com- 
munity) respiration was observed (210 - 245 mmol O2 
m−2·d−1; Figure 3(d)) during dry period than peak dis- 
charge period (65 - 173 mmol O2 m−2·d−1; Figure 3(d)) 
 
 
Figure 3. Time-series variations at reservoir in (a) Chloro- 
phyll-a; (b) DO saturation; (c) DOC; and (d) community 
respiration (CR).  
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Table 2. Variations in temperature, Chl-a, DOsat (%), pH, DIC, pCO2 and CO2 flux in the dam reservoir. 
Month Temperature (˚C) Chl-a (mg·m−3) DOsat (%) pH DIC (µM) pCO2 (µatm) 
CO2 flux 
(mmolC m−2·d−1)
Jan 2010 26.74 1.35 89.2 7.250 1771 5739 24.4 
Feb 2010 30.21 2.97 87.6 7.228 2142 7667 36.1 
Mar 2010 31.45 2.88 94.8 7.151 1230 5256 15.4 
Apr 2010 32.74 3.00 87.2 7.095 840 4096 24.4 
May 2010 33.39 6.71 70.0 6.965 620 3944 60.6 
Jun 2010 30.72 7.55 77.8 6.708 973 9352 255.5 
Jul 2010 29.26 4.91 80.1 6.759 1004 8630 211.3 
Aug 2010 30.40 2.74 82.1 6.735 911 8318 218.3 
Sep 2010 31.19 27.41 91.2 6.735 1000 9258 108.9 
Oct 2010 30.81 33.45 95.4 7.270 1537 5091 21.0 
Nov 2010 29.15 23.83 85.2 7.450 1841 4059 44.0 
Dec 2010 26.69 37.97 103.7 7.354 1985 5168 9.7 
Jan 2011 28.12 7.90 107.1 7.250 2013 6524 18.7 
Feb 2011 29.92 9.50 80.9 7.228 1568 5612 14.6 
Mar 2011 30.42 9.20 75.4 7.025 1636 8979 31.5 
Apr 2011 31.62 9.81 86.6 6.844 1110 8724 91.7 
May 2011 32.55 1.65 76.4 7.063 1248 6560 100.9 
Jun 2011 32.75 7.04 69.0 6.506 1211 15880 472.8 
Jul 2011 30.55 9.19 87.3 6.651 1211 12435 422.4 
Aug 2011 31.05 3.69 84.2 6.476 889 12083 198.2 
Sep 2011 32.35 2.31 83 6.703 1642 16042 125.1 
Oct 2011 31.31 32.20 110.6 6.914 1783 11944 17.6 
Nov 2011 30.22 17.73 100.4 6.914 2169 14132 92.2 
Dec 2011 27.79 18.52 105.6 6.889 2343 15335 72.4 
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further suggesting that dominant heterotrophy in the dam 
reservoir. High nutrients concentration during dry period, 
due to in situ decomposition of organic matter and wa- 
shed out agricultural fertilizers, and high temperatures 
(~30˚C) promoted high respiration rates in the reservoir 
during dry period. 
4.2. Variations in Inorganic Carbon System in 
the Dam Reservoir 
The pH in the dam reservoir ranged from 6.47 to 7.45 
with lower values found between June and August (Fig- 
ure 4(a), Table 2). The pH values decreased gradually 
from January (7.25) to May (6.50) suggesting that sig- 
nificant modification of inorganic carbon system during 
storage period. The DIC concentrations were decreased 
from 1771 to 620 µM (Figure 4(b)) from January to May 
while Chl-a increased from 1.35 to 6.71 mg·m−3 (Figure 
3(a)) during same period. Despite high heterotrophic 
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Figure 4. Time-series variations in (a) pH; (b) DIC of res- 
ervoir; (c) δ13CDIC of reservoir; (d) DIC of ground water; (e) δ13CDIC of ground water; and (f) pCO2 of reservoir. 
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respiration during dry period, decrease in DIC could pos- 
sibly resulted from efflux of CO2 to the atmosphere. The 
DIC showed significant negative correlation with DOC 
(r2 = 0.36; p < 0.05; Figure 5(a)) and positive relation 
with community respiration (r2 = 0.38; p < 0.05; Figure 
5(b)) suggesting that microbial decomposition of organic 
matter is the strong source of DIC in the reservoir. 
The low pH and DIC were also noticed during peak 
discharge period (June to August) and then increased 
towards December during moderate discharge period. 
The lowest phytoplankton biomass (2.3 to 3.9 mg·m−3; 
Figure 3(a)) was noticed during peak discharge period 
with high amount of suspended load (730 - 840 mg·l−1) 
than dry period (12 - 82 mg·l−1; our unpublished data) 
suggesting that less light penetration hindered phyto- 
plankton growth [34]. In contrast, the increase in pH 
from 6.73 to 7.34 during moderate discharge period was 
in association with high phytoplankton biomass of 23.8 
to 33.5 mg·m−3 (Figure 3(a)) and increase in oxygen 
levels to oversaturation (Figure 3(b)) indicating that en- 
hanced phytoplankton production led to increase in pH 
and DIC concentrations. The low pH values during peak 
discharge period (June-September) in the dam reservoir 
were also associated with high nutrients (Figures 3(c)-(f)) 
and organic matter load (Figure 3(c)) suggesting signifi- 
cant organic matter decomposition in their enroute to re- 
servoir lead to decrease in pH. 
In order to examine the source of inorganic carbon in 
the dam reservoir, the isotopic composition of δ13C of 
DIC was measured during 2010. The δ13CDIC varied be- 
tween −14.2 and −6.8‰ and relatively lighter isotopic 
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Figure 5. Relationship of dissolved inorganic carbon with (a) 
dissolved organic carbon; (b) heterotrophic community res- 
piration (CR), and relationship of isotopic ratio of dissolved 
inorganic carbon; with (c) dissolved oxygen saturation; and 
(d) dissolved inorganic carbon. The point circles in the (a) 
were not used in construction of regression equation. 
values were noticed during peak discharge period (−11.4 
± 0.1‰) whereas heavier values were noticed during 
moderate discharge period (−9.1‰ ± 0.3‰) when high 
phytoplankton biomass of >20 mg·m−3 was noticed (Fig-
ure 4(c)). The isotopic ratios were more or less constant 
and greater during dry period (−9.7‰ ± 0.5‰) compared 
to peak discharge period. The δ13CDIC showed strong 
positive relation with DO saturation (r2 = 0.57; p < 0.001; 
Figure 5(c)) suggesting that heavier isotopic composi- 
tion was driven by dominant autotrophy and vice versa 
for heterotrophy. Similarly DIC also showed positive 
relation with δ13CDIC (r2 = 0.52; p < 0.001; Figure 5(d)) 
further suggests that heterotrophy respiration is the major 
contributor for DIC during dry and peak discharge period 
whereas autotrophy contributed during moderate dis- 
charge period in the dam reservoir. The DIC concentra- 
tions in the ground waters were ranged between 4973 and 
13246 µM (Figure 4(d)) during study period with the 
isotopic ratio varied between −14.7‰ and −8.5‰ (Fig- 
ure 4(e)). Interestingly the strong positive correlation of 
DIC and its isotopic ratios between ground and reservoir 
waters strongly suggest that significant contribution from 
the ground water is possible (r2 = 0.61; p < 0.001; and r2 
= 0.53; p < 0.001 respectively). Recently it is reported 
[46] that the contribution of nutrients through exchange 
rates between ground water and reservoir is up to 30% - 
40% using Radium isotopes. Hence ground water ex- 
change also contributed significant amount of inorganic 
carbon to the reservoir. 
4.3. Variations in pCO2 Levels and Its Fluxes at 
the Air-Water Interface 
The pCO2 levels in the dam reservoir ranged between 
3944 and 16,042 µatm with low during dry period and 
high in discharge period (Figure 4(f), Table 2). The 
mean pCO2 values during discharge period was almost 
double (10,552 ± 4065 µatm) to that of dry period (6310 
± 1742 µatm). Sharp increase in pCO2 was associated 
with initial discharge (June) while sharp decrease in 
pCO2 was associated with decrease in discharge (Sep- 
tember). On the other hand, the pCO2 levels during peak 
discharge (July-August) were almost close to that of dry 
period (in case of 2010) while it was slightly higher dur- 
ing 2011. Significant inter-annual variations in pCO2 
levels were observed in the dam reservoir. The pCO2 
values during dry period of 2010 (6009 ± 2120 µatm) 
were not statistically different from that of 2011 (7279 ± 
1487 µatm) keeping variability into consideration where- 
as pCO2 levels during discharge period of 2010 (6721 ± 
2226 µatm) were two times less than that of 2011 (13,980 
± 1819 µatm). The significant difference in the pCO2 
levels during discharge period was consistent with the 
higher annual mean discharge during 2010 (1222 m3·s−1) 
than 2011 (557 m3·s−1) and also consistent with the an- 
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nual mean rainfall higher during 2010 (137 mm) than 
2011 (65 mm). This suggests that weak monsoon during 
2011 lead to low discharge enhancing water residence 
time in the reservoir for longer time resulting in modifi- 
cation of more organic matter. The mean DOC concen- 
trations during 2010 were higher (395 ± 86 µM) than 
2011 (258 ± 48 µM) further indicating that decomposi- 
tion of more organic matter in the latter period led to 
high pCO2 levels. Significant differences in pCO2 levels 
were also found during moderate discharge period (Oc- 
tober-December) with significantly lower pCO2 values 
during 2010 (4772 ± 619 µatm) than 2011 (13803 ± 1719 
µatm) which was associated with high phytoplankton 
biomass during former (31.7 ± 7 mg·m−3) than 2011 year 
(22.8 ± 8 mg·m−3). This suggested that high phytoplank- 
ton biomass, thus high primary production, during mod- 
erate discharge period during 2011 led to low pCO2 lev- 
els. The pCO2 showed significantly negative correlation 
with DOC (r2 = 0.54; p < 0.001) suggesting that micro- 
bial decomposition is the prime factor for inter-annual 
variations in pCO2 levels in the dam reservoir. 
to estuary (7.4 - 8.1). The DIC concentration ranged from 
1577 to 2300 µM and slightly higher concentrations were 
found in the estuary than dam due to high salinity. pCO2 
levels in the estuary were significantly low (<1000 µatm) 
than reservoir (4100 - 8325 µatm) as these two water 
bodies were separated by dam and no interactions occur, 
within these two water bodies. On the other hand, entire 
estuary was filled with freshwater during discharge pe- 
riod with small variations in salinity between mouth of 
the estuary and dam reservoir (~3.3 - 6.5). pH during 
peak discharge period was lower by ~1 in the entire estu- 
ary and DIC decreased up to 1000 µM with high pCO2 
levels. pCO2 levels in the estuary were almost or slightly 
higher than dam reservoir due to mixing of sediment pore 
water during discharge into the estuary. Sharp decrease 
in pCO2 was noticed close to the mouth of the estuary 
due to mixing with the seawater. In addition to this, rela- 
tively higher pCO2 levels were noticed during August 
2010 than 2011 by ~4000 µatm and it was consistent 
with the magnitude of discharge from the dam suggesting 
that significant modification of inorganic carbon in the 
dam reservoir made estuary as a strong source of CO2 to 
the atmosphere.  
It is also reported [52] that the source of CO2 is of 
complete allochthonous origin with reference to the δ13C 
values of the DOC recovered in the Rophemel reservoir. The wind speed at the reservoir ranged between 0.73 
to 3.52 m·s−1 during study period with high during mon- 
soon (discharge) period. The fluxes of CO2 from the res- 
ervoir to the atmosphere ranged between 9.7 and 472.8 
mmolC m−2·d−1 during study period with maximum dur- 
ing peak discharge period and minimum in dry period 
(Table 2). The mean fluxes during discharge period (251 
± 131 mmolC m−2·d−1) was six time higher than dry pe- 
riod (42 ± 31 mmolC m−2·d−1). Such high fluxes during 
The observed high pCO2 levels in the Godavari estu- 
ary during peak discharge period [33] and attributed to 
modification of organic matter in the dam reservoir. In 
order to examine this samples were collected in the estu- 
ary during dry (April) and peak discharge period (August) 
(Figure 6). The salinity in the estuary was ranged from 
10 - 31.8 during dry period of 2010 and 2011. pH in the 
dam reservoir was significantly low (6.9 - 7.0) compared 
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Figure 6. Spatial variations in salinity, pH, DIC and pCO2 from Dam reservoir to mouth of the estuary during April and 
August 2010 and 2011. 
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peak discharge period were associated with high winds 
(3.1 m·s−1) than dry period (1.2 m·s−1). The annual mean 
fluxes of CO2 to the atmosphere amounted to 112 ± 126 
mmolC m−2·d−1 from the Dowleiswaram dam reservoir. 
The fluxes of CO2 from the Petit Saut reservoir [8], var- 
ied from 102 - 133 mmolC m−2·d−1 whereas 76 ± 46 and 
976 ± 1213 mmolC m−2·d−1 from the Balbina and Samuel 
reservoirs [8] respectively. The mean fluxes from the 
Dowleiswaram dam reservoir was less than the Brazilian 
reservoirs and higher than French reservoir [8]. 
In order to compare the pCO2 levels in Dowleiswaram 
reservoir with elsewhere in the world, pH and TA data 
were gathered from the literature and computed for pCO2 
using the similar way as mentioned in the materials and 
method. Various methods were used to estimate TA at 
different reservoirs, therefore caution must be taken 
while comparing variations in the reservoirs. pH in the 
European reservoirs [24,53,54] were ranged between 6.5 
and 9.2 whereas 6.8 - 8.7 and 6.0 - 10 were found in the 
African [20,21] and Asian [15,29,31,35,47,56-59,61] 
reservoirs. Relatively high pH was noticed in the Euro- 
pean reservoirs compared to other reservoirs with excep- 
tion of Sariyar reservoir in Turkey where high pH of 10 
was noticed [47]. The pCO2 values were ranged between 
1700 - 13,000 µatm in the European reservoirs, 9493 to 
10,965 µatm in the African [20,21] and 3693 to 11259 
µatm in the other Indian reservoirs [29,31,58,59] (Table 
3). Exceptionally high pCO2 levels were found (65,785  
 
Table 3. Temperature, dissolved oxygen, Chlorophyll-a, pH, TA and pCO2 in reservoirs located in the world. 
Name of the reservoir Temp (˚C) DO (µM) Chl-a (µg·l−1) pH TA (mg·l−1) pCO2 (µatm) 
American region 
Ribeirao das lajes, Brazil [48] 3 - 30 256 - 7.19 - - 
Balbina, Brazil [8] 30 - 31 202 - - - 19,724 
Samuel, Brazil [8] 31 - 33 196 - - - 25,480 
Colorado, USA [49] - - 3.8-11.7 - - - 
Arizona, USA [50]   0-14    
European region 
Garas, Serbia [17] 6 - 28 34 - 368 3 - 16.9 - 53 - 105 - 
Bukulja, Serbia [17] 11 - 21 231 - 425 7 - 19.2 - 47.5 - 65 - 
Alton water, UK [22] - - 61 - 129 - - - 
Petit Saut, France [51] - - - - - 1700 - 13,000 
Petit Saut, France [8] 30-31 202 - - - 11,500 - 45,000 
Rophemel, France [52] - - 2 - 88 - - - 
Pena Large, France [53] 24.6 - 29.5 203 - 266 0.5 - 4.0 6.5 - 8.5 - - 
Siemianowka, Poland [60] - - 100 - 200 - - - 
Antoninek, Western Poland [54] - 43 - 443 0.8 - 41.2 7.4 - 9.1 - - 
Dobezyce Czorsztyn Roznow, Poland [24] - - - 7.2 - 9.2 - - 
African region 
Turkwel Gorge, Kenya [20] 23.6 - 26.5 175 - 259 5.6 - 28.3 7.1 - 8.7 81.6 - 108 9493 
Oyun, Nigeria [21] 23.1 - 29.6 150 - 256 - 6.8 - 8.2 30 - 55 10,965 
Asian region 
Large Rock Fill, Korea [55] 6.7 203 - 7.6 - 8.4 13.1 - 16.0 1155 
Three Gorges, China [56,61] 17 - 28 231 - 287 - 6.6 - 8.0 - - 
Sariyar, Turkey [47] 4 - 31 187 - 478 84.5 7.4 - 10 - - 
Saguling, Indonesia [15] 23.2 - 23.9 28 - 262 - 6.3 - 8.4 - - 
Banglang, Thailand [57] 17 - 32 10 - 286 0-12.6 6.0 - 7.8 15 - 235 65,785 
Hathaikheda, India [31] - 37 - 237 - 7.1 - 7.6 - - 
Hirahalla, India [29] 21.3 - 27.1 236 - 263 - 7.5 - 7.8 30.7 - 41.6 3693 - 9857 
Bedua, India [58] 20.5 - 30.5 175 - 259 - 7.5 - 8.1 68 - 75.5 4513 - 11,259 
Khadakwasala, India [59] 20.1 - 26.2 226 - 295 - 6.5 - 8.6 - - 
Dowaleiswaram, India [Present Study] 26.7 - 33.4 164.1 - 289.2 1.4 - 38 6.5 - 7.5 12.9 - 32.4 3944 - 16,042  
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µatm) in the Banglang, Thailand [57] where acidic pH 
(6.0) was found. The pCO2 levels in the Dowleiswaram 
dam reservoir is in agreement with the reported values 
from other reservoirs in the world (Table 3). Neverthe- 
less this comparison suggested that dam reservoirs are 
strong source of CO2 to the atmosphere and their contri- 
bution seems to be relatively large in the Asian reservoirs 
compared to other continental reservoirs. Such high 
pCO2 levels in the Asian reservoirs could possibly due to 
high water temperatures, quality and load of organic mat- 
ter, nutrients, and bacterial abundance. 
5. Summary and Conclusions 
Monthly time-series observations were conducted in the 
Dowlesiwaram dam reservoir to examine the source of 
inorganic carbon, and fluxes to the atmosphere. The res- 
ervoir receives freshwater during monsoon period when 
Indian subcontinent received maximum rainfall. The wa- 
ter is stored in the reservoir during dry period when sig- 
nificant modification of carbon system occurs. During 
the storage period, pH decreased from 7.5 to 6.4 and oxy- 
gen saturation from ~95% to 65% suggesting that intense 
organic matter decomposition leads to occur. Such or-
ganic matter decomposition result in the release of nutrients 
to support autotrophic activity. Occurrence of phytoplank-
ton blooms was noticed during dry and moderate discharge 
periods. The pCO2 levels were ranging between 3944 and 
16,042 µatm and higher fluxes were found during the 
peak discharge period. It was further noticed that pCO2 
levels in the estuary, adjacent to the dam reservoir, were 
<1000 µatm during dry period and were increased to 
>15,000 µatm during discharge period suggesting that 
high fluxes of CO2 reported from the estuary were con- 
tributed by the discharge of acidic waters from the dam 
reservoir. Our study also indicates that the Dowleiswarm 
dam reservoir is a strong source of CO2 to atmosphere 
even though it is much smaller than Brazilian (tropical) 
reservoir. India houses 376 major and medium reservoirs 
and contribution from all these reservoirs requires further 
studies in the future. 
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